Introduction
Boundary layer separation is a typical flow phenomenon. Suppressing the flow separation could reduce the drag, increase the lift, delay the stall and decrease the flow-reduced noise. To supress or prevent the flow separation, many flow control strategies have been proposed and investigated extensively. Flow control methods can be divided into passive flow control and active flow control. The difference between the two is that active flow control has auxiliary energy consumption.
Dielectric-barrier discharge (DBD) plasma excitation is one of the active flow control methods, with the advantages of a simple structure, being light weight and having no additional moving parts. Also, it does not require additional sources of high momentum air [1] . The DBD plasma actuator consists of two electrodes and a dielectric material. One electrode is exposed to air and the other is covered by a dielectric material. After applying an effective excitation voltage between these two electrodes, the plasma is generated on the surface of the dielectric material, which can be used for flow control [2] .
Using plasma as a flow control method can be traced back to the 1960s. In 1968, Velkoff and Ketchma [3] first discovered that a plasma corona discharge would delay the boundary layer transition on a flat plate during experiments. Corke et al [4] found that DBD plasma actuators could enhance the lift and reduce the drag of airfoil, and delay the stall. Serhiy and Marios [5] studied the unsteady excitation effect of DBD plasma on the stability and transition characteristics of a laminar separation bubble on the surface of NACA0012 airfoil, and concluded that the excitation frequency and amplitude have significant influence on the flow field. Abdollahzadeh et al [6] compared the flow control ability of DBD plasma under different actuation modes and found that actuation with the same frequency as the natural frequencies could lead to a resonance actuation effect.
Plasma has also been successfully used to control turbulent flow separation. The influential parameters of plasma excitation include excitation voltage, duty cycle and frequency.
Rizzetta et al [7] investigated the plasma-based control of turbulent separation flow on a curved convex rearward-facing ramp, using both continuous and pulsed modes. In 2007, He et al [8] numerically and experimentally studied the influence of the actuator arrangement on the turbulent separation flow of the NASA hump model. This model is a wall-mounted hump used by the NASA Langley Research Center Workshop in 2004 to validate computational fluid dynamics (CFD) turbulence models and predict fluid separation ability [9] . Liu et al [10] studied the effect of excitation voltage on the separation flow under steady plasma excitation using this model. Yu et al [11] applied numerical simulations to study the effect of unsteady excitation and plasma excitation voltage on the separation of the same hump model.
As the simplest and most common model, the phenomenological model proposed by Shyy [12] simplifies the momentum transfer effect due to particle collisions to a linear electric-field force acting in the fluid. In contrast to the modified split-potential model proposed by Abdollahzadeh et al [13] , Shyy's model needs to be corrected through experimental data [14] . Advantages of this model are the low computation cost, high accuracy and quick response [15] . Therefore, it was widely used by researchers. Khoshkhoo et al [16] explored the effects of body force over a NACA0015 airfoil with this model and found that dimensions, magnitude and the location of the body force all have significant impact on the separation control. Zhang et al [17] employed it to study the flow structures of the boundary layer in a flat plate induced by a plasma actuator. Yu et al [11] used the linear body approach and found that the vortex pairs, which are reduced by a plasma, would enhance the energy exchanged between the near wall region and the free stream. In the present work, the phenomenological body force approach proposed by Shyy et al [12] will be adopted.
Plasma excitation methods can be divided into conventional excitation and pulsed excitation. The conventional excitation is that the plasma actuator keeps the excitation state in the flow field and the generated body force is conventional. The essence of the plasma's normal excitation is a kind of wall jet [18] ; the pulsed excitation is to intermittently turn on or off the plasma excitation. The influence of excitation intensity of conventional excitation on the separation of the hump model has been thoroughly studied [10, 11] . Current research on the unsteady excitation of plasma over a negative pressure gradient focuses on the comparison with the steadystate control, and these studies [7, 8, 10, 11] only used one fixed excitation frequency and duty cycle. However, the effect of the duty cycle and frequency of the pulsed excitation on the flow separation of the hump boundary layer is not yet very clear.
In order to investigate the effect of duty cycle and excitation frequency of plasma on the flow separation, unsteady CFD simulations are performed on the wallmounted hump model in this paper. Based on a comparison between the time-averaged wall static pressure coefficient and the velocity distribution at different locations, a suitable turbulence model for this simulation was determined. By comparing the positions of the separation point under different excitation parameters, the control ability with different excitation frequencies and excitation duty cycles were analysed. The flow structures induced by different excitations were studied, and the mechanism of plasma excitation was also analysed.
Simulation model

Computational domain
For simplicity, a two-dimensional model is used in this paper. The wall-mounted hump model computational domain is shown in figure 1 , which is consistent with the test cases used by the NASA Langley workshop. The hump is adapted from the Glauert airfoil suction side with a chord length, c, of 420 mm and a maximum height of 53.7 mm. The coordinate zero is located at the leading edge of the hump. x and y are stream direction and vertical direction, respectively. The inlet and outlet are located at x/c=−2.14 and x/c=5.0, and the top boundary is located at y/c=0.9. The plasma actuator is placed near the separation point (x/c=0.65). Two inlet velocities, 32.31 m s −1 and 10 m s , are studied, corresponding to Reynolds numbers of 929 000 and 288 000, respectively. The red upper triangular indicates the plasma excitation region.
Plasma model
The basic mechanism of the plasma actuator can be explained using a simplified phenomenological model proposed by Shyy [10] , as shown in figure 2. Using this model, the body force which is induced by plasma can be calculated in the linear electric field.
The electric field strength E(x, y) in OAB can be approximated as
E 0 is the maximum electric field strength, and can be written as
where U 0 is the excitation voltage. d=1 mm is the spacing distance between the two electrodes. According to the linear distribution of electric field
where E b is the breakdown electric field strength, and a and b are the height and width of the plasma region. The original Shyy's model is a great oversimplification [14] ; hence, it is necessary to modify the model, and experimental data [19] is used for validation. In the present study, the height and width of the plasma region are a=2.5 mm and b=5 mm, according to [12, 20] . The electric field strength, E(x, y), is multiplied by the correction factor of 0.3, so that the maximum velocity induced by the plasma actuator is u max =6 m s −1 . The other plasma parameters are the same as in Shyy's simulation [12] . Figure 3 shows the plasma reduced velocity contour in quiescent air. Figure 4 illustrates the comparison between the computational and experimental [19] streamwise velocity distribution, at x=3 mm and 8 mm. It can be seen that, at x=3 mm, the predictions of the modified Shyy's model are in good agreement with the experimental data. At x=8 mm, the general trend of predictions is correct. Although the computational and experimental values are slightly different, the accuracy of the modified Shyy's model is acceptable.
The plasma excitation adopts a rectangular pulsed waveform, as shown in figure 5 . A periodic plasma excitation is employed in this paper. The duty cycle is defined as Dtc=T d /T, where T d is the duration time and T is the period. The origin in the period of plasma excitation is defined as zero phase angle.
Numerical method and boundary conditions
The simulations are carried out using commercial software ANSYS FLUENT, and the RANS equations are discretized by the finite volume method. The discrete equations are solved by the Gaussian-Seidel iteration method with the pressure-velocity coupled SIMPLE algorithm. The convergence criterion is that the residuals of all variables are less than 10 −4 . The structured grid is generated by ANSYS ICEM software. The number of grids for the hump model is 525×180. The first cell height is 0.01 mm to guarantee y + <1. The grid is refined both in the plasma excitation zone and the ground. Figure 6 shows the setting of the mesh. The inlet velocity profile is given in 1/7 power, and body force generated by the plasma excitation is loaded through a user-defined function (UDF). The inlet turbulence intensity is 5% and the turbulence length scale is taken as the width of the plasma region (5 mm). The outlet is the pressure outlet. The Table 1 . Locations (x/c) of separation and reattachment simulated by four turbulence models. ground is set to the thermal isolation wall, and the upper boundary is set to the slip wall.
Results and discussion
Computational results verification
In this section, four different turbulence models, SpalartAllmaras (S-A), k-ε, k-ω and the Reynolds stress model (RSM), are validated with experimental results from Greenblatt et al [9] . For convenience, the streamwise velocity, u, and the vorticity magnitude, ω, are normalized by the free flow velocity and the hump's length, ω * =ωc/U ∞ , u * =u/U ∞ . Figure 7 shows the distribution of the mean pressure coefficient, C p , for different models comparing to experimental data with Re=929 000. Generally, all turbulence model results show similar profiles. When the fluid flowed to the leading edge, the velocity decreased slightly and the pressure increased. After the leading edge, the boundary layer is subject to a strong favourable pressure gradient, so that the surface pressure decreased sharply. In the mid-section of the suction side, the favourable pressure gradient decreased modestly and the pressure first decreased and then increases gradually. After x/c=0.665, the hump's geometry changed from convex to concave, and the subsequent huge negative pressure gradient separated the turbulent flow around x/c=0.665, until it reattached at x/c=1.10.
Comparing the small inconsistency between about x/c=0.5 and x/c=1.5, the RSM and the two-equation k-ε model fit the experimental data better. The k-ω model is marginally less than the experimental data, and the S-A model is appreciably larger than that. In the flow separation region, the k-ω and k-ε models both capture the pressure plateau caused by flow separation. In the area after reattachment, the results of the S-A model fit the experimental data better, while other models' results are slightly less than the experimental data. Table 1 shows the location of the flow separation and reattachment points for different models. It can be seen that the RSM predictions are closer to the experimental data. The S-A and k-ω models predict the separation region inexactly because of the major dissipation of the model. Figure 8 is the nondimensional streamwise velocity distribution at four typical locations. At x=0.65c, 0.80c, 1.00c, the predictions of k-ε and RSM are in good agreement with the experimental data. The velocities of the S-A and k-ω models near the surface are generally less than the experimental data, especially at x=1.20c, since the separation ranges predicted by these two models are larger. The reattachment point is retarded and the velocity in the boundary layer does not completely recover.
According to the validation results, the RSM is employed for the rest of the studies.
Influence of duty cycle
In the following calculation, the frequency is fixed at 50 Hz, and the duty cycles, Dtc, are varied from 0 (baseline without excitation) to 1 (conventional excitation), 0, 0.25, 0.5, 0.75, 0.9 and 1. All cases are simulated under the conditions of the free flow velocity of 10 m s −1 (Re=288 000). After the calculation converged, the results of the 21st to the 40th periods (20 periods in total) are used for time-averaging. Figure 9 shows the position of separation and reattachment points in the x direction for different Dtc. The comparison shows that the ability of different duty cycles to postpone the flow separation is almost the same, but the ability to accelerate the reattachment of the flow is different. In contrast to the baseline, when the duty cycle is 0.75, the separation area is reduced by 82%.
The comparison of time-averaged surface pressure coefficients under a variety of duty cycles is shown in figure 10 . The dash-dotted line in red indicates the location of the plasma actuator, and the actuator is arranged near the separation point. From the figure, it can be found that the duty cycle of plasma excitation had a significant effect on the flow in the separation region. The baseline has an obvious pressure plateau formed by the flow separation between x/c=0.6-1.0. When the plasma is excited conventionally (Dtc=1), the pressure decreases, and the negative pressure before the separation point decreases. This excitation mode can influence the boundary layer airflow by injecting high momentum flow into the boundary layer. It is seen from the curve comparison that the size of the flow separation zone on the suction side does not reduce monotonically when the duty cycle increases. When Dtc=0.75, the negative pressure of C p decreases the most, the pressure plateau almost disappears and the pressure of the separation area reaches the maximum, which means that the control of separation flow is the strongest. In contrast, the effects of other duty cycles of plasma excitation are less than that. Time-averaged streamwise velocity contours with a variety of duty cycles are shown in figure 11 . The ability of the actuation with different duty cycles to control the separation bubble can be directly observed. Both stationary and unsteady excitation can effectively reduce the size of the separation bubble. However, when the duty cycle increases to 0.9, the ability of the excitation to control the flow separation is diminished again. Figure 12 shows the phase-averaged vorticity contours around 20 periods of duty cycles. The strength and the movement of the shedding vortex are also shown in figure 12 , which explains how unsteady excitation works on the wallmounted hump model. Observing the contour of the vorticity, it can be seen that the pulsed excitation enhances the capacity of the plasma actuator to entrain the upstream fluid and induce the formation of a reversed vortex rotating in an anticlockwise direction. When the excitation pauses, the reversed vortex sheds downstream and corotates with the high-momentum flow. The shedding vortex mixes with the main flow so that the vorticity is dissipated gradually. The high-momentum flow generated by the plasma actuator can be divided into three parts: the first one is the shedding of the upstream negative vortex, the second one is consumed by the downstream shedding vortex, the third one is injected into the boundary layer and moved in a downward direction against the wall.
From figure 11 (e), it can be found that at Dtc=0.9, the vortex spacing reduced. Its vorticity is weakened and the vortex is much closer to the hump's surface. The reason for these phenomena is that as the increasing duty cycle lengthens the excitation period, a large part of the high-momentum flow is used to induce the negative vortex shedding, so that the momentum directly injected into the boundary layer is reduced. It can be seen from figure 12 that the control effect of continuous excitation is not as good as the pulse excitation, which is consistent with the results obtained in the [7, 11] . This is because constant excitation does not cause mixing between the separated flow and the main flow. Figure 13 shows the phase-averaged vorticity of the shedding vortex in the streamwise direction at different excitation duty cycles. As can be seen, the duty cycle has a significant influence on the development of the shedding vortex. The movement tendency of the shedding vortex is roughly the same under different duty cycles, and the vorticity of the reversed vortex decreases gradually along the streamwise direction. From figure 13 , it is found that the larger the vorticity value of the reversed vortex, the better the control effect.
Influence of excitation frequency
In this section, the control ability of the excitation frequency on the hump separated flow is studied. Several frequencies, f=12.5-150 Hz, are tested. The duty cycle for Dtc=0.75 and the free-flow velocity for U ∞ =10 m s −1 are fixed. Figure 14 shows the location of reattachment for separated flows at different frequencies after time-averaged statistics of 20 excitation cycles. For frequency f=50 Hz, the control effect is best considering the separation distance. Figure 15 shows the phase-averaged vorticity field with f=12.5-150 Hz. Comparing the vorticity contours above, it can be directly seen that the frequency has a significant effect on the vorticity and vortex spacing. Figure 15(a) shows the flow field characteristics of low frequency excitation. When low frequency is activated, the absolute time of one excitation cycle increases. A positive vortex rotating clockwise is formed. The mixing effect will be limited if the excitation is sustained. Without a sufficient exchange of energy with the main flow, the ability to suppress the separation is limited. The high-frequency excitation characteristics are shown in figure 15(f) . With a high frequency, the actuator induces a series of reversed vortices with low intensity and small vortex spacing. This is because in each excitation period, the absolute excitation time is very short and the excitation intensity is so weak that the plasma actuator cannot sufficiently entrain the main flow. Therefore, high-frequency excitation has a limited ability to inhibit flow separation. Figure 16 shows the phase-averaged vorticity of the shedding vortex in the streamwise direction at different excitation frequencies. Figure 17 shows the averaged spacing with plasma excitation frequencies. As the excitation frequency increases, the vortex spacing monotonically decreases. Combining figures 15-17 it can be concluded that the slower the shedding vortex dissipates, the better the plasma suppression of the separation flow.
Conclusions
In this paper, Reynolds-averaged Navier-Stokes (RANS) simulations have been performed to investigate the effect of plasma excitation characteristics on the separation of the hump-mounted model. The plasma excitation is modelled using body force. UDF is used to import the body force into NS equations. The following conclusions can be drawn:
(1) For attached flow, S-A, k-ε, k-ω and the RSM model can simulate the flow field characteristics in a satisfactory manner. For detached flow, the RSM model performs better than other models. (2) Both stationary and unsteady plasma excitation can reduce the flow separation. The unsteady excitation increases the mixing between the main flow and the separated flow. Thus, the ability to suppress the separation is stronger than that of the stationary excitation. 
